physiological processes such as cardiac or respiratory pulsations (Dichter, 1973). In awake animals, additional movement will be produced by behavioral or spontaneous motor activity. These forces may be coupled to the brain in several ways. The cranium and its attachment 
very sensitive to the properties and position of tissue near the tip. As an intracellular recording electrode is advanced into the brain, large fluctuations in the series finch ( Figure 1B) shows that both the electrode impedance signal and the thresholded EKG (see Experimental electrical impedance of the electrode can be seen as the tip impinges on inhomogeneities in the tissue properties.
Procedure) exhibit spectral peaks at roughly 10-15 Hz (and higher harmonics of this fundamental). Cross-specFurthermore, at certain electrode positions, there is a stable monotonic relationship between electrode positral analysis reveals that the coherence between these signals is nearly one at the spectral peaks. Similarly, the tion and electrode impedance.
In all animals studied (anesthetized rats, n ϭ 3; and impedance and breathing signals both reveal spectral peaks at the respiratory frequency (1-2 Hz), also with a anesthetized zebra finches, n ϭ 30), the electrode impedance showed large fluctuations even while the eleccoherence of nearly one. The recording electrode may be stabilized by applying trode position was held stationary. In rats and zebra finches, these fluctuations were strongly correlated to a linear filter to the cardiac and respiratory signals to generate a control voltage for the piezoelectric manipucardiac and respiratory activity, as determined from the EKG and respiratory pressure, respectively ( Figure 1A) .
lator (Figures 2A and 2B ezoelectric manipulator (see note), by which the elecThe electrode is usually advanced close to the region trode position was controlled. The response time of the where the recording is to be made, and the filter coeffiinterferometer and piezoelectric manipulator was meacients are found. At this point, measurement of brain sured to be 900 s. It was essential that the passive motion with the electrode is no longer necessary and mechanical stabilization of the cranium be sufficiently the electrode is advanced for intracellular recording. At good that the residual motions did not exceed the range any time except during an intracellular recording, any of piezoelectric positioner (Ϯ100 m) or disturb the optiresidual brain motion can be corrected by passing curcal alignment of the interferometer (‫ف‬Ϯ80 m). rent through the electrode and updating the filter coeffiIn preparation for the recording sessions, rats were cients as described above. If small residual pulsations conditioned to sit head-fixed in the apparatus (Bermejo are seen to build up during a long intracellular recording, et al., 1996). Two animals were restrained in a cotton for example in the membrane potential, these can often cloth wrap during the recording session, and two anibe minimized, by hand, by adjusting the gain of the mals were further trained to run, head-fixed, on a treadamplifier/controller for the piezoelectric manipulator.
mill placed under the recording apparatus. Recordings In the anesthetized zebra finch, this stabilization techwere made in sensorimotor and frontal cortex (Paxinos nique reliably reduces the cardiac and breathing related and Watson, 1986), through a small craniotomy (Ͻ0.5 motion by more than 80%. The compensation was most mm) to minimize the relative motion between the brain accurate near the site at which the filter parameters and the cranium. were calibrated. As the electrode was moved more than In the two resting rats, three intracellular recordings 0.5-1.0 mm from the calibration site, the compensation were made with durations of 8 min, 10 min, and 9.5 min. became qualitatively worse, especially near the brain During the recordings, the animals often made spontasurface where pulsations are larger than at depth due neous movements resulting in displacement signals of to the presence of the craniotomy. The compensation up to 30-40 m (Figures 4A-4D ) With the stabilizer on, was adequate to substantially reduce motion artifacts cranial motions of more than 40 m did not result in large and make stable recordings throughout the 600 m difluctuations of the membrane potential, depolarization ameter of a premotor nucleus of the song control system above the average holding potential or excessive spike (nucleus RA) with one initial calibration. One calibration discharge. The holding potentials of all neurons were run was often adequate for several hours and was someapproximately Ϫ60 mV for the duration of the recordings. times effective for subsequent recordings even in the Action potential amplitudes were greater than 50 mV.
To quantify the improvement in recording duration, contralateral hemisphere. is difficult because of the large variability and nonGaussian distribution of recording durations across different penetrations and different animals. Thus, characseveral attempts were made to obtain intracellular recordings without the stabilizer on. These recordings (n Ͼ terizing the distribution of recording durations with and without the stabilizer would likely require many tens of 40) were of a short duration, usually less than 10 s; no recording lasted longer than 30 s. For the brief duration recordings in each condition and across many animals; this was not done. The intention here has been to demof these penetrations, animal movements produced large depolarizations ‫03-02ف(‬ mV) and high-frequency onstrate that the predictive stabilizer significantly reduces the largest source of brain motion in anesthetized spike discharge (50-100 Hz). With the stabilizer off, permanent loss of the cell was often associated with small animals; cardiac and respiratory pulsations. In preparations for which these pulsations present a serious limita-(5-10 m) cranial displacements. Spontaneous movements of the resting rats resulting in displacements tion to recording duration, the predictive stabilizer would likely provide great benefit. In addition, the predictive greater than this magnitude occurred several (4 Ϯ 2) times per minute (Figures 4B and 4D) .
stabilizer reduces the presence of artifactual fluctuations in membrane potential often associated with brain As a further demonstration of the effectiveness of the direct position measurement stabilizer, intracellular movement. The direct position measurement stabilizer is applicarecording were made in sensorimotor cortex in the two running rats, with durations of 4 min, 3 min, 3 min, and ble under any conditions where the movement of tissues near the neuronal recording site can be directly mea-3.4 min (Figures 4E-4H) . Again, holding potentials of the neurons were approximately Ϫ60 mV for the duration sured. The success of this technique will be determined by the degree of relative motion between the neuronal Assessment of the direct position measurement stabilizer for maintaining stable intracellular recordings was recording site and the site at which the displacements are measured. In the experiments described here, obmade by comparing the quality and duration of attempted recordings without the stabilizer. Recordings servations suggest that residual motion of the brain within the cranium was the primary factor limiting the without the stabilizer were of a short duration (none longer than 30 s, most lasting less than 10 s) and showed duration of the recordings in the running rat. First, the loss of intracellular recordings was generally not caused large fluctuations in membrane potential, correlated with animal movements. The permanent loss of the intracelluby cranial movements that exceeded the range or the tracking rate of the interferometer or piezoelectric malar recording was often associated with spontaneous animal movement that resulted in small cranial displacenipulator. Instead, observations of the animals' behavior during the treadmill experiments suggest that loss of ments (less than ‫01ف‬ m). These movements occurred several times per minute in the head-fixed resting rats. the intracellular recording was often associated with large extensions and contractions of the torso. Such
In contrast, with the stabilizer on, cranial displacements of more than 40 m produced no fluctuations in memmovements may produce little cranial motion but may cause brain motion coupled mechanically from the spibrane potential and did not compromise a stable recording. nal cord or through changes in blood or intracranial pressure.
The utility of these stabilizer techniques for patch experiments was not assessed. Both techniques preFurthermore, since respiratory and cardiac pulsations were not compensated in the awake rat experiments, sented here actively compensate for brain motion along the axis of the recording electrode, relying on the methese may have contributed to relative motion of the brain and the cranium. Intracellular recordings in awake chanical compliance of the electrode in the lateral dimensions. Patch electrodes typically have a much animals under conditions of large cardiac and respiratory pulsations may require the simultaneous use of a shorter shank and larger tip than sharp intracellular electrodes. The question of whether the lateral compliance predictive stabilizer as well as the direct position measurement technique. The additional efficacy of using the of these electrodes is adequate for stable intracellular patch recordings with only axial stabilization will need predictive stabilizer with the direct position measurement stabilizer was not tested here.
to be addressed. Alternatively, it may be possible to (Thompson, 1982) . These wave functions respiratory activity, a silastic tube (0.050" OD) was inserted into the anterior end of the intraclavicular airsac near the trachea (Brackare available as built-in functions in MATLAB.
The vector of coefficients a; that produce the least squared error enbury and Gaunt, 1973). The air pressure was measured using a solid state pressure sensor (Sensym, SCX-LCD).
E min for stationary signals is found in the frequency domain from the transfer function A() ϭ S VX ()/S XX (), where S VX () is the crossAs a test of the direct position measurement stabilizer, intracellular recordings were carried out in cerebral cortex of awake adult spectral density between V*(t) and E(t), and S XX () is the spectral density of E(t). The spectral densities are estimated using the specmale rats. Four animals were conditioned to head restraint over the course of roughly one week. The animals were wrapped in a cotton tral analysis techniques described above. Since the EKG and respiratory signals are fairly periodic, the transfer function calculated this cloth, greatly improving their initial tolerance for restraint. A water reward was given to reinforce sitting quietly in the apparatus. Condiway is defined only at harmonics of the fundamental frequency (see Figure 1B) . The time domain impulse response a o (t) is found as the tioning occurred in stages, initially with a velcro collar. For the final
